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Accepted 12 July 2016The term ‘microbalance’ arose after Sauerbrey showed a mass per unit area dependence on sensor frequency
change for thin, solid ﬁlms on a QCM. Others have extrapolated this relationship to interactions with biological
‘soft’ matter using acoustic wave devices. We rigorously examined the relationship between QCM frequency
change and the molecular weight of protein and peptide analytes on a RAP♦id 4™ system using more than
120 individual assays. A series of amino acid, peptides and proteins with molecular weight from 372 to
150,000 Da constituting a molecular weight ladder were biotinylated with a target biotin/protein ratio close to
one to minimize avidity effects. Analyte concentration and contact time were chosen so as to attain near satura-
tion of an anti-biotin antibody surface. The series resistance and resonant frequency changes (dF and dR) arising
from a 5-parameter ﬁt of the imaginary component of the impedance signal were analysed, giving a linear rela-
tionship (R2 = 0.98) between frequency response and analyte molecular weight, even down to level of a single
amino-acid. As predicted by theory, there was also a linear relationship between the changes in density and vis-
cosity of the liquid in contactwith the sensor and both dF and dR. The resistance and resonance frequency chang-
es recorded for mixtures of deuterium oxide and glycerol were the sum of changes induced by each individual
liquid. Hence the Sauerbrey equation for mass per unit area dependence of QCM signal does hold true for pep-
tides and proteins in a liquid.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
Calibration
Quartz crystal microbalance
Thickness shear mode
Biosensor
Microﬂuidics
Resonant acoustic proﬁling1. Introduction
We wished to carry out a systemic study on the relationship be-
tween acoustic series resonance (dF) and series resistance (dR) change
of a QCM and the molecular weight of bound proteins and peptides of
varying molecular weight. Building on the pioneering work of
Sauerbrey [1], who showed a linear relationship between acoustic sen-
sor frequency change and the mass per unit area associated with rigid
thin metal ﬁlms, many studies have been carried out to determine the
relationship between acoustic biosensor signals and a variety of mole-
cules that adsorb or bind at the sensor interface. These include Lang-
muir-Blodgett ﬁlms of fatty acids [2], plasma ablated polymer ﬁlms
[3], grafted polymer brushes [4], and awide variety of physisorbed poly-
mer ﬁlms [5]. Surprisingly, given the widespread application of QCM to
biological systems, there has been no systematic study of the. This is an open access article underdependence of acoustic sensor signals with proteins and peptides of
varyingmolecular weight. This study was aimed at getting a deeper un-
derstanding on the contributions of mass, density and viscosity to
acoustic signals.
1.1. Piezoelectric biosensor theory
The possibility of using quartz crystal resonators as quantitative
mass measuring devices was explored by Sauerbrey [1]. The decrease
of the resonant frequency of a thickness shear vibrating quartz crystal
resonator, having AT or BT cut, was found to be proportional to the
added mass of the deposited ﬁlm:
Δf ¼− f q
2Mf
NρqS
¼− f q
2mf
Nρq
ð1Þ
where fq is the fundamental resonant frequency of the quartz, N is
the frequency constant of the speciﬁc crystal cut (NAT =
1.67 × 105 Hz·cm; NBT = 2.5 × 105 Hz·cm), ρq = 2.65 kg/dm3 is the
quartz density and S is the surface area of the deposited ﬁlm, the massthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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resonator is in contact with a liquid with density ρl and viscosity ηl, was
summarised [6] as:
Δf ¼− f q3=2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ρlηl
πρqμq
s
ð2Þ
where ρq and μq are the quartz density and shearmodulus, respectively.
Hence the combined mass loading and liquid loading effect is described
classically as:
Δf ¼ Δ f m þ Δ f l ¼− f 02
Δms
Fq ρqAel
þ
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ð3Þ
Martin then extended the theory to accommodate polymeric or
other ﬁnite viscoelastic layers acoustically coupled to the rigid quartz
crystal and a rigid ‘ideal mass layer’ [7]. Martin considers a ﬁnite visco-
elastic layer (of thickness hf, density ρf and shear modulus G =
G’ + jG”). The latter value, G, is the complex shear modulus where G’
and G” are the layer storage and layer loss moduli respectively. These
layers are then exposed to a bulk liquid (of viscosity ηL and density
ρL). For these layered components, it is possible to derive the surface
mechanical impedances:
ZM ¼ jωρs ð4Þ
for the ideal/rigid mass layer (e.g. a polycrystalline self-assembled
monolayer or SAM), where ρs is the mass per unit area contributed by
the SAM layer (Eq. (5));
Z F ¼
ﬃﬃﬃﬃﬃﬃﬃﬃ
ρ f G
q
tanh γhf
  ð5Þ
for the viscoelastic ﬁlm (protein ﬁlm), where γ is the shear wave prop-
agation constant (γ= j2πfo(ρf/G)1/2) and j = √ − 1 (Eq. (6));
ZL ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2π f oρLηL
2
r
1þ jð Þ ð6Þ
for the liquid layer (semi-inﬁnite Newtonian liquid), and ﬁnally;
Z ¼ j
ﬃﬃﬃﬃﬃﬃﬃﬃ
ρ f G
q ZL coshh γhf þ ﬃﬃﬃﬃﬃﬃﬃﬃρ f Gq sinh γhf ﬃﬃﬃﬃﬃﬃﬃﬃ
ρ f G
q
coshh γhf
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where Z is the impedance of the composite system. Note that the im-
pedance measured by the resonator is not simply the sum of those for
individual layers as for each layer there will be an acoustic phase shift,
which causes a transformation of the impedance contributed by layers
more distant from the resonator. In addition thismodel does not accom-
modate inhomogeneous layer that exist in reality (e.g. hydrated protein
layers), or changes in distribution of inhomogeneity (e.g. changing hy-
dration). We currently use a 5-parameter ﬁt of the imaginary compo-
nent of the impedance data to calculate F (frequency; Hz), Q (merit or
quality factor), R1 (series resistance; Ohm or kg·m2·s−1·C−2), C0 (par-
allel capacitance; Farad), V (voltage offset for ADC; Volts). The Rw (wave
or motional resistance, Ohm) is then calculated from: Rw = Q·R1. The
effect on dF signal can be derived from:
ZL ¼ π
4K2ωsCo
ZCL
ZCQ
ð8Þ
where ZL is the modelled impedance of the surface load; K is the acous-
tic coupling coefﬁcient; ws is the series resonant frequency; C0 is the
parallel plate capacitance; ZCL is the characteristic load impedance;
and ZQL is the characteristic quartz impedance.Eqs. (7) and (8) are difﬁcult to understand and/or rationalise for
non-specialist researchers interested in biological interactions using a
biosensor. The question arises, are they actually relevant to some the
most commonly systems using a QCM: i) protein physisorbtion to the
sensor and ii) antigen-antibody interactions? Or can the simple rela-
tionships described by Sauerbrey and Martin sufﬁce?
1.2. Outline
In the work described herein, the QCM response upon non-speciﬁc
and speciﬁc binding of a series of non-biotinylated and biotinylated
peptides and proteins (molecular weights ranging from 372 to
150,000Da) to sensor surfaceswere recorded aswell as the acoustic sig-
nals after adding D2O and glycerol into the running buffer. The analysis
of the data collected provided an assessment of the performance of
17 MHz resonator-based RAP♦id 4 instruments and the AKT♦iv Cova-
lent sensor cassettes and gave insights into the contribution of mass,
density and viscosity to the acoustic responses observed.
2. Materials and methods
2.1. Reagents
Human immunoglobulin G, bovine serum albumin, ovalbumin, car-
bonic anhydrase, trypsin inhibitor, ubiquitin and insulin chain B were
purchased from Sigma Aldrich and used as received. Phosphate saline
buffer, pH 7.4 (Sigma-Aldrich, UK) was used as a running buffer during
all measurements. The running buffer was degassed prior to the exper-
iments. Biotinylated peptides and their non-biotinylated analogues
were purchased from Eurogentec and used as received. The peptides
of the study are listed in the Table 2. Biotinylated lysine (Biocytin) and
L-Lysine were purchased from Sigma and used as received.
2.2. Physisorbtion assay
Protein solutions were prepared at a concentration of 1 μM in PBS
running buffer (Pre-made PBS Sigma catalogue number D8537) from
concentrated stock solutions in 0.01 M PBS pH 7.4 (Sigma cat. no.
P3813). AKT•iv Covalent sensor cassettes from a single fabrication batch
were used directly without chemical modiﬁcation of the active carboxyl-
ated surface. 1 μM solutions of the protein were injected in the sensors.
The contact time and theﬂow ratewere 5min and 25 μL/min, respective-
ly. The adsorption experiments were performed in triplicate. The RAP
data were displayed and analysed using RAP Workbench v1.0.25.
2.3. Instrumentation
Label-free acoustic measurements were carried out using two auto-
mated 4-channel instruments, RAPid-4 (TTP Labtech, UK). The opera-
tion of the instrument is based on the principles of QCM in that a high
frequency is applied to a piezoelectric quartz crystal to induce the crys-
tal to oscillate and its resonance frequency ismonitored in real time. The
resonant frequencies of sensors are determined by a proprietary
network analyser approach. The instrument allows two assembled
microﬂuidic cassettes containing each two individual ﬂow cells to be
run in parallel which enables a sample to be ﬂowed across 4 surfaces si-
multaneously, or individually, by use of separate ﬂow paths to individ-
ual ﬂow cells combined with a common ﬂow path split to address all
four ﬂow cells. Interchange between the different ﬂow paths was by
electronically operated valves. As sample is ﬂowed across “control”
and “active” sensors, binding to the active sensor is measured as a re-
duction in the oscillation frequency, with a control sensor acting as a
subtractive sample reference. Sensors were constructed and operated
as described previously [8].
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Fabrication of AKTiv sensors comprised of self-assembledmonolayer
(SAM) was achieved using a 1 mM ethanolic solution of a mixture of
HSC10EG3OMe and HSC10EG6OCH2COOH in the ratio 9:1 coated sensor
chips was as follows, with all operations carried out in a Class 10,000
clean room. Gold coated AT cut 17 MHz quartz sensor chips were
cleaned following a proprietary plasma etching procedure in a PT7160
RF Plasma Barrel etcher (Quorum Technologies, Newhaven, UK) for
55 s. The cleaned quartz resonators were then submerged in a solution
of 1mMmixture of HSC10EG3OMe andHSC10EG6OCH2COOH in the ratio
9:1 in ethanol, and incubated at 25 °C for at least 16 h. After rinsingwith
ethanol three times and MilliQ water (Resistivity greater than
18.2 MΩ·cm at 25 °C) three times, the resultant sensor chips were
dried, and the surface coverage was characterized following a proprie-
tary cyclic voltammetry (CV) procedure using a Potentiostat Autolab
PGSTAT 30 (Metrohm Autolab B.V., Utrecht, The Netherlands) showing
that more than 99.5% area was covered. Then HSC10EG3OMe/
HSC10EG6OCH2COOH coated sensor chips were assembled into sensor
cassettes, and stored in the dark under nitrogen until required.
2.5. Biotinylated protein and peptide binding
2.5.1. Sensor surface preparation
Mouse anti-biotin speciﬁc immunoglobulin (Jackson Immunologicals)
was immobilized onto the carboxymethylated sensor surface using amine
coupling chemistry under ﬂow. Sensor surface were activated with a 1:1
mixture of 400mmol·L 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride (EDC) and 100mmol/L N-hydroxysuccinimid ester (NHS),
both Perbio Science UK, for 3 min. Subsequently mouse anti-biotin
(50 μg/mL in 10 mM sodium acetate buffer, pH 5.5) was injected.
Unreacted activated groups were blocked by 1 M ethanolamine solu-
tion, pH 8.5 (Sigma-Aldrich, UK).
2.5.2. Biotinylation of proteins
Protein biotinylation was achieved using an “Immunoprobe” bio-
tinylation kit (Sigma-Aldrich; BK-101). Biotinylation was performed
by reacting the protein with the water soluble reagent BAC-SulfoNHS.
Following the reaction, the biotinylated protein was separated from
the by-products by a gel ﬁltration column (Sigma; Sephadex G-25)
using 0.01 M PBS pH 7.4 as eluent. Consequently the biotinylated pro-
tein stock solutions were in that buffer. The ratio of biotin to protein
was determined by the avidin-HABA (2[4′-hydroxyazobenzene]
benzoic acid) assay supplied with the kit. The biotin/protein ratios
were chosen close to one to avoid avidity during the assays. Aliquots
of all the biotinylated proteins stocks were stored at−20 °C. For the
binding assays, 1 μM protein solutions were prepared by diluting the
protein stock solutions with PBS running buffer (Sigma-Aldrich).
2.5.3. D-biotin binding
A 10 μM solution of d-biotin (Sigma) in the running buffer was
injected (1 min injection at ﬂow rate 25 μL/min) after immobilization
of the antibodies to serve as an internal reference allowing the assess-
ment of the antibody activity. The antibody activity (using an assumed
stoichiometry of binding for the antibody: biotin of 1:2) was deter-
mined from:
%activity ¼ dFbiotin
dFmax
 100 ð9Þ
where:
dFmax ¼ MWbiotinMWantibiotin
dF immobilisation
antibiotin
 stoichiometry ð10Þ2.5.4. Binding of biotinylated proteins
1 μM solutions of biotinylated proteins and non-biotinylated homo-
logues (used as negative controls) were prepared by diluting the appro-
priate stock solutionswith the PBS running buffer. The protein solutions
were injected (5min injection atﬂow rate 25 μL/min) on the sensor sur-
faces bearing covalently attached antibodies; these reaction conditions
were chosen to attain near saturation of the sensor surface. For each
sensor, the biotinylated protein was injected in the ﬁrst channel and
the non-biotinylated analogue (used as a control) was injected in the
second channel. For each protein at least three repeats of the binding
assay were performed.
2.5.5. Binding of biotinylated peptides
1 mg/mL stock solutions of the peptides, biocytin and L-lysine were
prepared in ﬁltered MilliQ water. 1 μM solutions of biotinylated species
and non-biotinylated analogues (used as controls) were prepared by
diluting the stock solutions with PBS running buffer. The peptide
and amino acid solutions were injected (5 min injection at ﬂow rate
25 μL/min) on the sensor surfaces with covalently attached antibodies.
For each sensor, the biotinylated compound was injected in the ﬁrst
channel and the non-biotinylated analogue (used as a control) was
injected in the second channel. For each analyte at least three repeats
of the binding assay were performed.
2.6. Viscosity & density signal measurements
Several stock solutions were made and used to prepare the aliquots
injected during the titrations. All stock solutions were ﬁltered prior to
their use. For storage of D2O-based buffered, a parafﬁn ﬁlm was
wrapped around the cap of the bottles. PBS buffer in deionised and ﬁl-
tered water (Stock 1): 3 Phosphate Buffered Saline tablets (Aldrich
P4417 lot 117H8204) were dissolved in 600 mL of water to obtain
0.01Mphosphate buffer, 0.0027Mpotassium chloride, 0.137M sodium
chloride, pH 7.4. Solution of 25% glycerol in deionised and ﬁlteredwater
(Stock 2): 50mL (63.1 g) of glycerolwere dissolved inwater up to a vol-
ume of 200 mL. PBS buffer in 25% solution of glycerol in deionised and
ﬁlteredwater (Stock 3): 1 PBS tablet was dissolved in 200mL of Stock 2.
PBS buffer in D2O (Stock 4): ½ tablet of PBSwas dissolved in 100mL
of D2O. Solution of 25% glycerol in D2O (Stock 5): 10 mL (12.62 g) of
glycerol were dissolved in D2O to a total volume of 40 mL. PBS buffer
in 25% glycerol in D2O (Stock 6): a 1/5 tablet of PBS was dissolved in
40 mL of Stock 5.
The effect of the changes in densitywas assessed by injecting a series
of D2O containing-PBS buffer solutions from10%D2O to 100%. The effect
of changes in both density and viscosity were assessed by: a) injecting a
series of glycerol containing-PBS buffer solutions from2.5 to 25% glycer-
ol and b) injecting a series of D2O+ glycerol containing PBS buffer solu-
tions from 10% D2O + 2.5% glycerol to 100% D2O + 25% glycerol. Two
AKT•iv Covalent sensor cassettes were used; the same solutions were
injected in each of the four channels. The titrations were performed in
the following order: D2O, glycerol and D2O + glycerol.
3. Results
3.1. Bulk liquid effects – Kanazawa & Muramatsu
D20 andglycerol titrations to validate the sensor ‘Kanazawa response’.
The effect of the variation of the density of the liquid in contact with
the surface of the sensor was studied by injecting a series of D2O-con-
taining PBS solutions with the percentage of D2O. The injection of
D2O-containing PBS induced a bulk shift of dF; this shift increased
with increasing concentration of D2O in the buffer. A linear relationship
between dF and the square root of the viscosity-density product (ηρ)1/2
was established with R2 = 0.99 (Fig. 1a). 10 PBS solutions containing
glycerol obtained by serial dilution of Stock 3 with Stock 1 (Material
and methods) were injected into the sensors while recording dF. The
Fig. 1. Variation of resonant frequency as a function of varying liquid density and viscosity
for dilutions of: A) D2O inH2O-based buffer (0 to 100%), B) glycerol inH2O-based buffer (0
to 17.5%) and C) ternary mixtures of D2O, H2O-based buffer and glycerol.
Table 1
Proteins selection for physisorbtion, biotinylation and binding studies.
Proteins Mwt (kDa) Biotin/protein
(after biotinylation)
Concentration
(nmol/mL)
pI
Immunoglobulin G 150 1.2 25 ~7.0
BSA 66.4 1.1 70 4.8
Ovalbumin 45 0.8 59 4.6
Carbonic anhydrase 30 0.8 88 5.8
Trypsin inhibitor 20.1 1.2 225 4.5
Lysozyme 14.3 1.4 148 11.3
Ubiquitin 8.5 1.0 343 6.6
Insulin chain B 3.5 0.9 129 5.3
Table 2
Peptides and amino-acid of the study.
Peptide MW Quantity (mg) pI
BiotinNH-(KGEST)5-CONH2 2757 1.7 7.4
H2N-(KGEST)5-CONH2 2531 8.7 4.9
BiotinNH-(KGEST)4-CONH2 2254 6.9 7.4
H2N-(KGEST)4-CONH2 2028 7.4 4.7
BiotinNH-(KGEST)3-CONH2 1752 9.1 7.4
H2N-(KGEST)3-CONH2 1526 9.9 4.6
BiotinNH-(KGEST)2-CONH2 1249 6.9 7.4
H2N-(KGEST)2-CONH2 1023 6.7 4.3
BiotinNH-KGEST-CONH2 747 5.3 7.4
H2N-KGEST-CONH2 521 12.9 3.2
Biocytin 372 25 5.0
L-Lysine 147 10 9.5
dF values were recorded for the biotinylated peptides and amino-acid; dF values for the
non-biotinylated controls were negligible. dR values could not be reliably recorded as
the changes were very small, near the instrument detection limit for resistance
measurement.
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increased with increasing concentration of glycerol in the buffer. A
linear relationship (R2 = 0.97) between dF and (ηρ)1/2 was established
(Fig. 1b). A similar linear correlation (R2=0.97)was also observedwith
ternary mixtures of water, D2O and glycerol (Fig. 1c). Mixed D2O and
glycerol solutions were used to experimentally verify theory because
their physical properties allowed a straightforward systematic modula-
tion of density and viscosity by titration in aqueous solutions. {Kanaza-
wa, 1985 #128;Kanazawa, 1985 #129;Nomura, 1982 #134} Hook et al.
[9] have reported similar effects on a QCM-D system and most notably
Mitsakakis et al. [10] on a Love mode surface acoustic wave (SAW) sen-
sor system, where a systematic study was carried out using proteins
immobilized via two different surface chemistries. These data gave us
sufﬁcient conﬁdence in the sensor response to then analyse the binding
of soft matter analytes, ﬁrst by physisorbtion, then in a controlled
stoichiometric binding assay.
3.2. Physisorbtion assay
The acoustic signals (dF and dR) for a range of proteins (non-bio-
tinylated) with differing molecular weight and pI (Table 1) were re-
corded during the contact time of the protein solutions to the AKT•ivCovalent surface of the sensors. During the assay each of the four
channels of the two sensors was injected with a different protein
solution.
The acoustic signals upon physisorbtion were recorded in tripli-
cate for each protein. The resonant frequency (dF) and the series re-
sistance (dR) observed upon exposure of the sensor surface to
protein increased during the adsorption of each of the protein and
reached saturation. The concentration of each protein was adjusted
so as to reach a stable maximal level (dFmax) within a reasonable
time. No further increase in dF was observed at higher concentra-
tions of protein added, suggesting that the surface of the sensor
was saturated with protein. This saturation level was then used to
create a plot of the frequency and resistance responses for each pro-
tein as a function of molecular weight (Fig. 2).
The changes in the resonant frequency did not appear proportional
to the molecular weight of the proteins (R2 = 0.39). The change in the
resistance (dR) during adsorption did not appear proportional to the
molecular weight of the adsorbed protein (R2 = 0.65). The series resis-
tance R carries information on the nature of the sample, as this is inﬂu-
enced by dissipative processes inside the sample [11]. However, R has
been observed to be more sensitive to system artefacts as parameters
based on electrical impedance (such as R) are affected by calibration
problems and stray capacitances, whereas frequency-based parameters
aremore robust. There aremany possible explanations for these results,
including potential ‘coupled water’, interfacial contact with the sensor
surface, changes in thickness, shear modulus and surface roughness as-
sociated with variable types of protein layers that results from direct
physisorbtion. Clearly, neither the Sauerbrey (1) nor Martin (3) equa-
tions are applicable for protein physisorbtion. We next constructed a
more controlled surface architecture for protein-sensor interaction: a
self-assembled monolayer coated QCM with covalently attached anti-
biotin antibody, two which ligands of varying weight with ~1 biotin
molecule/ligand could be bound.
Fig. 2.Variation of A) the resonant frequency (dF) versus themolecularweight of the physisorped protein, andB) the series resistance (dR) versus themolecularweight of thephysisorped
protein (n= 3).
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The degree of protein biotinylation was determined using 2[4′-
hydroxyazobenzene] benzoic acid (HABA). The absorption of the avi-
din-HABA complex at 500 nmdecreased proportionally with increasing
concentration of biotin in the sample as the HABA dye was displaced
from avidin due to the higher afﬁnity of avidin for biotin. A biotin to pro-
tein ratio around 1 was preferred to avoid avidity effects during the
binding to surface-immobilized anti-biotin antibodies. Molar ratios of
BAC-Sulfo-NHS to protein between 3:1 and 5:1were used to obtain a bi-
otin to protein ratio around 1. A trial and error process determined the
correct ratio of the biotinylation reagent. The biotinylated proteinswere
in the running buffer used for the gel ﬁltration of the crude protein fol-
lowing biotinylation. For consistency, the stock solutions of the non-bi-
otinylated proteins used as controls were prepared in the same buffer at
the same concentration. The ﬁrst stage of the speciﬁc binding assaywas
the immobilization of Mouse anti-biotin onto activated AKT•iv Covalent
sensor surfaces.3.4. Antibody coupling levels
Existing data on protein immobilization reported in the literature
(even at similar fundamental resonant frequencies and with similarFig. 3. A) Frequency changes observed after coupling of mouse anti-biotin immunoglobulin
saturation upon exposure to a 10 μM solution of D-biotin relating to sensors used in biotinyla
B), but for sensors used in the biotinylated peptide binding studies.surface chemistry) shows awide variance in the –dF values upon immo-
bilization of protein especially antibodies. The variation of the protein
immobilization levels could be attributed to the use of proteins of differ-
ent reactivities and sources and the use of non-standardized reaction
conditions (e.g. EDC-NHS preparation).
In this work, the immobilization of the antibody was performed in
controlled conditions: (i) use of AKT•iv Covalent sensors from the
same batch, (ii) use of protein from the same source and batch and
(iii) use of standardized activation with EDC-NHS. Fig. 3A shows the
protein immobilization levels obtained using two different RAPid 4 in-
struments. A very consistent and relatively high level of immobilization
was obtained in all the assays: the average value was 839 Hz with a
standard deviation and variance coefﬁcient were±33 and±4% respec-
tively. When data from a single instrument only was collated the
average value was 832 Hz and there was an improvement of the stan-
dard deviation and the variance coefﬁcient to±27 and±3% respective-
ly (data not shown). Antibody immobilization levels over the whole
series of assays reported in this paper showed very similar levels of
consistency.
Prior to the injection of biotinylated analytes, D-biotin was injected
on the sensor surface containing immobilized anti-biotin antibodies
and its binding levels (dFbiotin) were recorded (Fig. 3B and C). D-biotin
served as an internal reference allowing the assessment of antibody ac-
tivity using Eqs. (9) and (10) in Materials and methods. The activityon multiple sensor cassettes and multiple instruments; B) associated binding levels at
ted protein binding studies (to quantify antibody activity and binding capacity); C) as in
Fig. 5. Frequency vs. molecular weight of the bound biotinylated amino acid and peptides.
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variation of anti-biotin antibody activity during data analysis. The spe-
ciﬁc binding of proteins was achieved through the binding of the biotin
labels on the protein to the anti-biotin antibodies immobilized on the
sensor surface. The acoustic parameters were recorded upon binding
of proteins constituting a molecular weight ladder in the range 3.5 to
150 kDa. The dependency of the acoustic signals to the molecular
weight of the protein boundwas examined. The –dF and dR parameters
recorded upon protein binding were plotted versus the molecular
weight of the bound protein. The acoustic parameters from the two in-
struments used were plotted either with or without control subtraction
(in the case of –dF). The acoustic parameters from a single instrument
were also analysed in the same way.
A reasonably good linear ﬁt (R2 = 0.91) of the data was observed
when –dFwas plotted versus themolecularweight of the proteinswith-
out control subtraction. The standard deviation was relatively high for
some of the data points. The frequency variation due to the adsorption
of non-biotinylated protein used as control to the anti-biotin surface
in the control channels was considered to represent the level of non-
speciﬁc binding. A new plot of –dF versus the molecular weight of the
boundproteinwas done after subtracting the controls. An improvement
of the linear ﬁt was observed: R2 went from 0.91 to 0.96 and there was
also a reduction of the standard deviation of the data points. The use of
two instruments might have contributed to the variability observed in
the acoustic parameters recorded upon the binding of proteins. –dF
values obtained from a single instrument were plotted versus the mo-
lecular weight of the bound protein.
Plotting data from a single instrument without control subtraction
improved the linear ﬁt (R2 went from 091 to 0.94) and the standard de-
viation of the data points. Using data from a single instrument, a new
plot of –dF versus the molecular weight of the protein after subtracting
the frequency variation attributed to non-speciﬁc binding was done
(Fig. 4A).
Plots of the variation of the resistance upon binding of the protein
versus the molecular weight of the bound protein were also produced
using data from the two instruments and data from a single instrument.
There were large errors on the determination of dR due to drifts of the
trace and instrument grounding problems. The standard deviations
were large and plotting data from a single instrument did not improve
the standard deviation or the quality of the ﬁt (Fig. 4B).
3.5. Biotinylated peptide binding
The peptide sequences used in the studywere chosen to balance the
peptide charge and avoid the formation of secondary structures. The
speciﬁc binding of amino-acid or peptide was achieved through the
binding of the biotin labels on the peptide or amino-acid to the anti-Fig. 4. A) Plot of the frequency changes versus themolecular weight of the bound biotinylated p
Plot of the change in series resistance versus the molecular weight of the bound biotinylated pbiotin antibodies immobilized on the sensor surface. The acoustic pa-
rameters were recorded upon the speciﬁc binding of analytes with mo-
lecular weight ranging from 372 to 2757 Da.
The dependency of the acoustic signals to the molecular weight of
the analyte bound was examined. The dF values recorded upon peptide
or amino-acid binding were plotted versus the molecular weight of the
bound molecule. A good linear ﬁt of the data was obtained with a R2
value of 0.97 (Fig. 5).
The dependency of the acoustic signals to the molecular weight of
the bound analyte over the molecular weight ladder from 0.37 (single
amino-acid: Biocytin) to 150 kDa (Immunoglobulin) was assessed.
The dF values recorded upon amino-acid, peptide and protein binding
were plotted versus themolecular weight of the boundmolecule. A log-
arithmic scale was used for the plots as the molecular weights of the
analytes spanned three orders of magnitude. The acoustic parameters
from a single instrument were plotted with control subtraction. When
–dF values were plotted versus the molecular weight of the bound bio-
molecule after control subtraction the data points were aligned and
could be ﬁtted by a simple power law equation with R2 = 0.97
(Fig. 6A). The data was normalized further to correct for the variations
of anti-biotin antibody activity and allow amore rigorous conjoint anal-
ysis of the binding levels –dF of the proteins and peptides of the molec-
ular weight ladder. The activity values, derived from the biotin binding
signal levels (dFbiotin) using Eqs. (9) and (10), were used to normalize
the data. This slightly improved the power law ﬁt (R2 = 0.98). There
was only a modest correlation (R2 = 0.98) between the change in
frequency (dF) and resistance (dR) for the data set.
This work builds on the pioneering studies of Hook et al. [9] and
Mitsakakis et al. [10]. For Mefp-1 protein physisorbtion Hook et al.rotein after subtracting the control and correcting for the variations in antibody activity; B)
rotein.
Fig. 6. A) Plot of the frequency changes versus molecular weight of ligands from 372 to
150,000 Da, after control subtraction. B) A pair of individually addressable sensor
cassettes with two resonant spots each used in this study, with associated ﬂow cartridge
to accurately delivery ligands simultaneously across ‘active’ and ‘reference’ sensor spots
on the same quartz crystal.
77J.E. Sohna Sohna, M.A. Cooper / Sensing and Bio-Sensing Research 11 (2016) 71–77showed that sensor signal changes observed on a QCM-D system were
best described by a Voight-based viscoelastic model, [12] in which the
protein ﬁlm was represented as a homogeneous ﬁlm on the sensor sur-
face. Their analysis suggested a large fraction (94%) of ‘internally
trapped water’ as a hydrogel-like protein ﬁlm was required to explain
the acoustic sensor response. [9] In contrast, Mitsakakis et al. [10]
used a Love mode surface acoustic wave (SAW) sensor to examine the
effects of physisorbed vs. speciﬁcally bound proteins on acoustic sensor
response, contrasted with surface plasmon resonance (SPR) measure-
ments of protein bound. Here a linear dependence on sensor phase
changes with analyte molecular weight was also observed, without
the need to invoke ‘coupled water’. In this study, we show that when
carefully controlled conditions are used with a receptor-ligand binding
assay, the simple Sauerbrey equation alone sufﬁces to correlate sensor
signal changes with the degree of protein binding to an immobilized
capture antibody on a QCM sensor with analyte molecular weight
from 3.5 to 150 kDa. Further, this relationship holds true even for very
low molecular weight peptides/amino acids down to a molecular
weight of 372 Da.Acknowledgement
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